The crystal structure of the 4-chlorocatechol 1,2-dioxygenase from the Gram-positive bacterium Rhodococcus opacus (erythropolis) 1CP, a Fe(III) ion containing enzyme involved in the aerobic biodegradation of chloroaromatic compounds, has been solved by multiple wavelength anomalous dispersion using the weak anomalous signal of the two catalytic irons
Introduction
Halogenated aliphatic and aromatic hydrocarbons are a major environmental concern since large amounts of such toxic chemicals, resistant to both chemical oxidation and biological degradation, have been released into the ecosphere in the last decades as pesticides, fire retardants, solvents, etc. (1, 2) . The substitution for hydrogen with xenobiotic halogens in readily biodegradable hydrocarbons, has in fact led to substances with significantly decreased microbial decomposition and, consequently, to their environmental accumulation (3) .
Specialized strains of aerobic and anaerobic bacteria have been discovered to use selected halogenated hydrocarbons as sole carbon and energy sources (1, 4, 5) .
The aerobic catabolism of chloroaromatics usually occurs through two different pathways (5, 6) . Compounds containing one or two chlorine atoms are usually converted to chlorocatechols and then catabolized through the modified ortho-cleavage pathway (10, 11) .
Aromatic compounds containing more than two chlorine atoms are converted to hydroxyquinol or chlorohydroxyquinols and then cleaved by specific intradiol dioxygenases (see Scheme 1) (12) (13) (14) (15) (16) (17) (18) . A few interesting exceptions have been observed (7) (8) (9) .
The modified ortho cleavage pathway is a central oxidative bacterial pathway that channels chlorocatechols, derived from the degradation of chlorinated benzoic acids, phenoxyacetic acids, phenols, benzenes, and other aromatics into the energy-generating tricarboxylic acid pathway (19) (20) (21) ) (see Scheme 1) . These chlorocatechols are further degraded by the addition of molecular oxygen and the subsequent cleavage between two adjacent hydroxyl groups catalyzed by non-heme Fe(III)-dependent metalloenzymes, classified as intradiol dioxygenases (19) .
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Dioxygenases that cleave catechols in an intradiol fashion can be divided into two structurally different families: protocatechuate 3,4-dioxygenases (3, (23) (24) (25) (26) (27) , and chlorocatechols (type II enzymes) (5, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Many of these enzymes have been extensively characterized in terms of biochemical, spectroscopic and kinetic properties (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Mechanistic and structural details have also been gathered for one catechol 1,2-dioxygenase (42) and several protocatechuate 3,4-dioxygenases (43) (44) (45) (46) (47) . In particular the crystal structures of protocatechuate 3,4-dioxygenases revealed that the catalytic ferric ion is ligated by two histidine and two tyrosine residues, plus a hydroxyl ion in a trigonal-bipyramidal geometry (43) . These residues are conserved in all investigated intradiol dioxygenases. Further exhaustive studies by Lipscomb et al. described the mode of binding of substrates, substrate analogues, and inhibitors to 3,4-PCDs, and allowed to speculate on the subsequent interaction with dioxygen (45-47). 6 Since the substrate specificities of till now characterized chlorocatechol 1,2-dioxygenases (type II enzymes) considerably differ from 1,2-CTDs (type I enzymes) (28-41), we believe that structural details on chlorocatechol cleaving dioxygenases are needed to further understand the mechanism of substrate selection.
X-ray absorption measurements on 4-chlorocatechol 1,2-dioxygenase from Rhodococcus opacus (erythropolis) 1CP (Rho 1,2-CCD hereafter) and other intradiol cleaving dioxygenases have provided the first insights into the recognition of different chemical structures by ortho-cleaving dioxygenases (48) .
Diffraction quality crystals have been obtained and X-ray diffraction studies are in progress for other intradiol dioxygenases with different substrate specificities (49) (50) (51) (52) (53) (54) .
In this paper we report the crystal structure determination for Rho 1,2-CCD solved using a MAD experiment and refined at 2.5 Å. This is the first dioxygenase that catalyzes the degradation of chloro-catechols for which the three-dimensional structure has been determined providing details on the conformation of the active site and providing information on which particular residues are involved in substrate selection for enzymes of the 1,2-CCD family.
Experimental Procedures

Protein Preparation, Crystallization and Data Collection
Rho 1,2-CCD was purified from Rhodococcus opacus 1CP as previously reported ( 41) .
The enzyme was crystallized at 293 K using the sitting drop vapor diffusion method from a solution containing 1.6 M ammonium sulphate, 0.1 M sodium chloride, 100 mM Tris-HCl, pH 7.5 and 5-15% glycerol (53) . All the reagents were of the best purity available from Sigma-Aldrich (Milano, IT).
Diffraction data extending to a maximum resolution of 2.5 Å was collected at the Xray diffraction beamline at Elettra, Trieste. Data were collected using a MAR image plate detector and a wavelength of 1.0 Å. Crystals belong to the primitive hexagonal space group P6 3 22 with unit cell dimensions a=b=89.33, c=313.39. Assuming one molecule per asymmetric unit, the solvent content is about 61% of the unit cell (V M = 3.13 Å 3 /Da) (73) . For all the data collections, crystals of the native enzyme were cooled at 100 K adding 30% glycerol to the mother liquor solution as cryoprotectant. Due to the large unit cell dimensions an image plate detector was utilized in order to reach the maximal resolution of the crystal without having too many overlapping reflections.
and integrated with DENZO and scaled by SCALEPACK, from the HKL program suite (55) .
Data processing statistics are summarized in Table 1 .
The program SOLVE (56) was used to identify the two iron sites and for phases calculation. The 3.5 Å MAD phases were improved and extended to 2.5 Å by solvent flattening and histogram mapping using the program DM from the CCP4 program suite (57) .
The resulting electron density map was of high quality and allowed the manual tracing of 440 out of 514 amino acid residues using the program QUANTA (58) . Refinement of the model, performed at 2.5 Å resolution, using the program Refmac 5. Bank accession number 1S9A).
The Ramachandran plot is of good quality; there are 430 non-glycine and non-proline residues; among these, 374 (87%) are in the most favoured regions, 50 (11.6%) are in the additional allowed regions, 5 (1.2%) in the generously allowed regions and 1 (His B256) (0.2%) in disallowed regions.
The secondary structure was defined utilizing the DSSP database and program (60).
Multiple sequence alignments were performed using the ClustalX program (61). Electrostatic Potentials were estimated first transforming the pdb coordinate file into a pqr file containing partial charges and radii for each atom by using the PDB2PQR web service and then solving the second order differential Poisson-Boltzmann equation which relates the electrostatic potential in a dielectric to the charge density using the macroscopic electrostatics with atomic detail (MEAD) program package (64, 65) .
3-and 4-substituted catechols were manually docked into the active site by first simulating the dissociation of Tyr169 from the iron center. As previously observed, it was assumed that the substrates bind to the iron in a bidentate fashion and with orientations of their aromatic ring similar to those observed for catechol or 4-methyl catechol in Ac 1,2-CTD or for the benzoate ion in Rho 1,2-CCD (42). Slight rotations and/or tilts of the iron bound substrate molecules did not result in changes in the amino acid residues interacting with the substrates ring substituents.
PyMol, UCSF Chimera, and MSMS were used to produce ribbon diagrams, electrostatic potential surfaces, electron density and other representations (66) (67) (68) .
Results and Discussion
Overall structure and Linker Domain
The 1,2-CCD from the Gram-positive bacterium Rhodococcus opacus (erythropolis)
1CP is a homodimeric protein with overall dimensions 105 x 40 x 40 Å. The statistics for data collection, phasing and structure refinement are summarized in Table 1 . The final model includes residues 2-257 for each monomer, two Fe(III) ions, two benzoate ions, two phospholipids, 284 water molecules and one Tris buffer molecule.
The global structure resembles that of catechol 1,2-dioxygenase from Acinetobacter calcoaceticus ADP1, the only known structure for this class of dioxygenases (see Figure   1 ) (42).
The overall fold of the dimer comprises two catalytic domains made up by a number of β-sheets and several random coils, related by a non crystallographic two-fold axis, and a linker domain composed by several α-helices coming from both monomers, and located at the The linker domain is mainly composed by two long (H1 and H2) and three short (H3-H5) α-helices supplied by each subunit: four helices from the N-terminus of each monomer form a hook which is interacting with the equivalent motif from the other subunit and to the fifth helix which elongates from its catalytic domain (Figures 1 and 2 ).
ClustalX sequence alignments of Rho 1,2-CCD, with a variety of other chlorocatechol 1,2-dioxygenases and the representative of 1,2-CTDs: Ac 1,2-CTD are reported in Figure 3 .
The sequence identity between Rho 1,2-CCD and Ac 1,2-CTD is about 30%. Significant differences are observable in the helical linker domain and in the C-terminal region by comparing 1,2-CCDs to Ac 1,2-CTD sequences. The presence of two bound phospholipids seems to be a common feature of this class of enzymes (42) . Their precise identity could not be determined due to the absence of the electron density of the head groups and the length of each tail was based on the length of the electron density and the stereochemistry of known phospholipids. In the present case they were modeled utilizing a phosphatidylcholine molecule with two C14/C15 hydrophobic tails.
They are placed at the interface between the two subunits, one at each end of a large hydrophobic channel made up by helices H1 and H2 from both monomers, with the head group directed outwards into the solvent and the tail moieties pointing inwards towards each other (see Figures 1B and 1C ). Various hypothesis have been made on the role of the hydrophobic tunnel and of the bound phospholipids but additional studies are needed to clarify their functional role (42) .
The Catalytic domain
The core of the catalytic domain is made up by a series of β-sheets arranged in a β-sandwich conformation and by several random coils positioned between the linker domain and the β-sheets assemblies (see Figures 1 and 4) . The active site metal center is located in a random coils region flanked on one side by the β-sheets assemblies of each monomer and on the other side by the α-helices of the linker domain.
The catalytic pocket of Rho 1,2-CCD is formed by several residues: Leu49, Asp52, and Ala53 from helix H3, Ile74, Gln75, Gly76, Pro77, Phe78, Phe79 from a single random coil, Trp126 from sheet S3, the iron ligand Tyr134 from a second random coil, Tyr169 from sheet S6, Ile171 from a third random coil, Arg191 from sheet S7, His194 and His196 from sheet S8, Gln210 from sheet S9, and Cys224 from another random coil.
Residues Leu49, Pro77, Phe78, Ile171, (Pro172), and the backbones of the iron ligands Tyr134 and Tyr169 compose the hydrophobic active site entrance. coordination is typical of all intradiol ring cleaving dioxygenases (26) . X-ray absorption spectroscopy (XAS) data on the same chlorocatechol 1,2-dioxygenase indicates that the native enzyme is pentacoordinated with two spheres of atoms: either two at 1.9 Å and three at 2.1 Å, or three at 1.9 Å and two at 2.1 Å (48). In the present crystal structure, a benzoate ion is found to bind to the iron ion in a bidentate asymmetric mode in place of the metal bound water molecule/hydroxide ion, generally found in the native enzymes, expanding the iron coordination number to six ( Figure 6A ). For this reason the iron ion bond distances observed in the present crystal structure are longer than those determined by the extended X-ray absorption fine structure (EXAFS) as well as those reported for the native Ac 1,2-CTD structure (see Table 2 Figure 7B ).
Scheme 2
The catalytic mechanism of intradiol cleavage dioxygenases has been proposed to The residues surrounding the ring of the benzoate molecule and supposed to be involved in the correct positioning of the aromatic substrate are Leu49, Asp52, Ala53, Ile74, Gly76, Pro77, Phe78, Gln210 and Cys224. The present enzyme is able to catalyze the ring opening of a variety of substituted catechols (41) . We attempted to dock 3-or 4-chlorocatechols into the active site. In the case of the 3-chloro-derivative, two different orientations are possible: if the substituent is oriented towards the internal part of the cavity it would settle into a pocket formed by residues Ile74 and Gly76 (both conserved in 1,2-CTDs), but if the substituent is oriented outwards it would essentially interact with residue Phe78 (substituted From the ClustalX sequence alignments of Rho 1,2-CCD, with a variety of other chlorocatechol 1,2-dioxygenases ( Figure 3 ) it can be noticed that several regions contributing residues to the active-site cavity show significant amino acid substitutions. In particular, the 1,2-CCDs from P. putida pAC27, R.. euthropha pJP4, P. chlororaphis RW71 and the 3-chlorocatechol specific 1,2-CCD from Rh. Opacus CP1 (same strain expressing the present enzyme) exhibit higher activities towards 3-chlorocatechol than Rho 1,2-CCD. Possible reasons for the different observed specificities could be the replacement of Phe 78, a residue expected to interact with substituents in position 3, with Tyr and in the most internal side of the cavity Ala 53 which is exchanged with Val in all the other 1,2-CCDs described (35, 36, 41, 71) . Furthermore, Cys 223 and 224, suggested to be important for interacting with chlorine substituents are generally conserved in CCDs, as shown in Figure 3 , but in the present enzyme only Cys 224 is present whereas residue 223 is substituted for Ser (42) . It has also to be noted that in the recently crystallized 3-chlorocatechol preferring 1,2-CCD from
Rh. opacus CP1 both cysteines 223 and 224 are replaced by Val and Ala respectively, suggesting that the selection for chlorine substituents is a complex issue (54) .
Conclusions
The present crystal structure evidences significant differences between Rho 1,2-CCD and 1,2-CTDs. Several secondary structure deletions are observed but in particular a number of changed residues inside the active cleft are believed to be responsible for substrate
selection. The most significant should be Asp52, Ala53, Gly76, Phe78 and Cys224 which seem to be directly involved in interactions with the differently substituted substrates. Few amino acid differences (Phe78Tyr and/or Ala53Val) between the present enzyme which exhibits a marked specificity for 4-substituted substrates and a series of other CCDs more active with 3-substituted catechols, are believed to be responsible for the observed substrate selectivity differences among chlorocatechol 1,2-dioxygenases. 
